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Many respiratory viruses cocirculate in the population and multiple infections are commonly reported.
The clinical impact of coinfection is unclear and may vary depending on the viral couples involved. Using
three-dimensional reconstituted human airway epithelia and clinical viral strains, we investigated

the interaction between influenza virus (Flu), respiratory syncytial virus (RSV) and rhinovirus (RV). We
showed that Flu and RSV interfere with RV replication, whereas RV does not interfere with either of
these viruses. We then experimentally demonstrated that, when present, the interference is not related
to a block of viral entry but rather to type | and type lll interferon (IFN), the front-line antiviral defense
of the respiratory mucosa. Consistent with this observation, we highlighted the differential sensitivity
of each virus to IFNs, with RV being the only virus significantly inhibited by IFN-X and the most sensitive
to IFN-a. Finally, as type Il IFN is of therapeutic interest due to its low proinflammatory profile, we

also assessed and confirmed an inhibitory effect of IFN-X in the context of persistent RV infections. The
present work provides mechanistic clues concerning innate immunity involvement during respiratory
virus interactions and confirms that IFN-X is a promising candidate in the treatment of RV infections.

Viral respiratory infections constitute an important health concern worldwide. Many respiratory viruses cocir-
culate in the population, and coinfections are commonly reported. However, the type(s) of interaction between
distinct viruses, the mechanism and consequences of these multiple infections on disease severity have not been
clearly established yet.

Adaptive immunity is not expected to impact coinfections by distantly related viruses while competition for
cellular processes (such as nucleotide and lipid biosynthesis, carbon metabolism, protein synthesis...), and/or
innate immunity may play a role. Numerous epidemiological studies have described either positive or negative
associations between given respiratory viruses based on statistical analyses, with some pairs of viruses being
frequently co-detected in patients and others very rarely'-®. In line with these observations, experimental coin-
fections have also put forth different types of viral interactions, from unidirectional of mutualistic inhibition of
growth due to competition for cellular resources’ to synergism'. The role of innate immunity in viral interference
has also been illustrated both in old studies'"'? and in recent mathematical simulations!?. However, the actual
impact of the antiviral action of interferons (IFNs) and in particular of type ITII IFN in respiratory virus-specific
interference has not been studied in depth in a relevant model.

The human airway epithelium is the first target and also the first barrier to respiratory infections. Mucociliary
clearance constitutes a mechanical obstacle to invasion, while the response of infected epithelial cells serves as a
second line of defense. Viral detection by the pattern recognition receptors (PRRs) induces the rapid production
of type I (o« and B) and type IIT (\) IFNs'*'5. Following the binding of their receptors, type I and type III IFNs
trigger a common signaling pathway that leads to the expression of IFN-stimulated genes and the establishment
of an antiviral state. Recent studies have emphasized the key role of IFN-X in the antiviral defense properties of
the respiratory and intestinal mucosae'®-'%.
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Rhinovirus (RV), influenza virus (Flu), and respiratory syncytial virus (RSV) are the most frequent etiological
agents of acute respiratory infections'. In agreement with their high prevalence, RV, Flu and RSV are frequently
detected in multi-infection cases. The mechanisms and consequences of these coinfections for the host require
further investigation. Recently, we compared the pathogenesis of extremely common respiratory viruses in in
vitro reconstituted human airway epithelia and highlighted virus-specific infection signatures?. We observed
that Flu induced ciliated cell loss, tissue integrity disruption and was a strong cytokine inducer while RSV and RV
(with the exception of RV from the B species) altered cilia beating and induced intermediate cytokine response.
In the present research, we aimed to go a step further and investigate the interactions between Flu or RSV, and RV
in the context of co- or sequential infections using the same highly relevant tissue culture model and clinical viral
strains isolated directly from infected respiratory samples. We were able to show that RV infection is inhibited
by RSV and Flu, while neither of these viruses is affected by pre- or coinfection with RV. Of note, RV infection
is unaffected by prior or coinfection with coronavirus OC43, a virus inducing very low tissue response®’. We then
addressed the mechanisms underlying these observed differences and demonstrated a key role of the host’s type
I and type III IFN response. In line with this, we showed that, in contrast to RSV and Flu, RV is highly sensitive
to IFNs and particularly to type IIT IFN. As this latter is known to induce less inflammation and side effects than
type I IFN in the infected host and could thus be of therapeutic interest?!, we tested its effect against RV and
showed that this cytokine can significantly impair RV replication during viral persistence in respiratory tissues.

Results

H1N1 and RSV-A interfere with RV-A16 replication, while RV-A16 does not interfere with
either of these viruses. To assess the type of interaction between RV and other respiratory viruses, we
tested the replication of RV-A16 in the context of co- or sequential infections with RSV-A and Flu HINI. Viral
stocks were produced in human airway epithelia reconstituted from different healthy donors and the infectious
titer of each stock was estimated by endpoint dilution assay in tissues. Co- or sequential infection (with a two-day
interval) between RV-A16 and each of the other viruses (using a MOI of around 0.01 viral particles per accessible
cell) were performed in reconstituted human airway epithelia and both tissue response (Figs. S1 and S2) and viral
replication (Fig. 1) were compared in the presence or absence of the other virus at five days post infection (DPI).
The tissue response was neither attenuated nor exacerbated in dual versus single infections. Lactase dehydroge-
nase (Fig. S1) and cytokine (Fig. S2) release were not different in dual versus single infections. In contrast, we
observed differential viral interferences. RV-A16 replication was decreased by respectively 4.7-log and 3.9-log at
five DPI if the virus was inoculated two days after or at the same time as HIN1 (Fig. 1a). RV-A16 replication was
also affected by prior infection with RSV-A (3.8-log reduction) (Fig. 1b). In contrast, RV-A16 pre- or coinfection
did not interfere significantly with the replication of any of the other viruses tested (Fig. 1c,d).

The observed interference is not related to a block of viral binding or entry.  To elucidate whether
viral binding or entry can be impaired in the context of co- or sequential infection, tissues were infected for four
hours, extensively washed to remove unbound viruses, and lysed to quantify cell-associated viruses. This was
done for both simultaneous and sequential infections (Fig. 2). In the latter condition, the cell-associated virus was
quantified four hours after inoculation of the second virus, while efficient replication of the first virus was con-
firmed by RT-qPCR. We did not observe a consistent nor a significant reduction in the number of cell-associated
viruses in the context of either co- or sequential infections as compared with single infections (Fig. 2). This sug-
gests that the first infection does not prevent binding and/or entry of the second virus and that another mecha-
nism accounts for the interference observed in Fig. 1.

Type | and type Il IFNs released by infected tissues interfere with RV-A16 replication. To find
out whether viral interference could be attributed to the synthesis of inhibitory molecules by infected tissues,
we transferred the basal medium of tissues infected for two days with RSV-A or of non-infected controls to
new batches of tissues. After a one-day incubation period, the tissues were apically infected with RV-A16. The
replication of RV-A16 was analyzed at three DPI in each condition. As an additional control we included basal
medium from tissues infected with OC43. Indeed, as previously published® and as confirmed here (Fig. $3), this
virus is a poor cytokine inducer and does not interfere with RV replication. The absence of RSV-A or OC43 in
apical washes was confirmed by RT-qPCR to exclude viral carryover from the transferred basal samples. Similar
experiments could not be performed with HIN1 infected basal medium as viral carryover was highlighted for this
virus. A 2.5-log and a 0.8-log reduction in RV replication was observed upon tissue pretreatment with medium
collected from RSV- and OC43-infected tissues, respectively (Fig. 3A). Although the assay did not fully reca-
pitulate the sequential infection conditions, as neither the ongoing replication of the first virus nor the infected
cells were present during RV replication, it revealed that antiviral molecules released from RSV-infected tissues
interfere with the subsequent replication of RV-A16.

Given that IFNs are the first line of defense against viruses in respiratory tissues, we hypothesized that they
may play a key role in the differential interference observed for RV. We thus repeated the same experiment,
albeit with adding anti-type I and anti-type III neutralizing Ab to the transferred basal medium. The addition
of anti-type I and anti-type III IFN Ab abolished the inhibition observed upon transfer of medium originating
from RSV-infected tissues but not from OC43-infected tissues (Fig. 3B). This suggests that the RSV interference
is indeed mediated by IFNs.

Respiratory viruses present different levels of susceptibility to IFNs.  As RV-A16 replication is
inhibited in the presence of other viruses but the reciprocal is not true and as IFNs are involved in this inhibition,
we took advantage of the human airway epithelia culture model to assess the differential sensitivity of each of
these respiratory viruses to type I and type III IFNs (Fig. 4). Tissues were pretreated with 5ng/ml of IFN-X1 [the
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Figure 1. Change in viral replication in dual versus single infections of reconstituted human airway epithelia.
Each virus was inoculated alone or in combination, at the same time or two days after the first virus. For each
condition, the log fold change (FC) in apically released virus (measured by RT-qPCR five days post infection)

in dual versus single infection is indicated on the Y-axis. The analyzed viral couple is specified on the top of
each panel while the chronology of infection is shown on the X-axis (‘then; after two days; ‘and;, at the same
time). Statistical significance relative to single infection was calculated using one-way ANOVA (****P < 0.0001,
*P < 0.05). Data are expressed as mean and SEM of at least three replicates.

average concentration measured in basal medium from infected respiratory epithelia?’] or 2000IU/ml of IFN-a2a
for 24 hours and subsequently infected with the different viruses. Fresh IFN was added to the culture medium
daily thereafter. As expected, RV-A16 was strongly inhibited by IFN-X (4-log reduction), while RSV-A and HIN1
were almost not affected (0.7 and 0.2-log reduction respectively) (Fig. 4). A 1 to 2-log higher inhibition was
observed for all viruses with IFN-q, but this inhibition remained higher for RV-A16 (6.8-log reduction versus 2.6
and 1.5-log for RSV-A and Flu) (Fig. 4). Decreasing RSV and Flu viral inoculum by 10 and 100-fold respectively
(Fig. S4a) or increasing the doses of IFNs by 10-fold (Fig. S4b) did not significantly impact the sensitivity of the
viruses to IFN-X and IFN-a. Of note, different healthy donors were used for these studies which might account
for variability in baseline measurements (Fig. S2).

IFN-X significantly attenuates RV replication during acute and persistent infection. Our data
highlight that, among the tested viruses, RV is the most sensitive to IFN-X in the presence or absence of the other
viruses. RV is known to cause chronic infections in immunocompromised patients and we previously showed
that RV infection of respiratory tissues deprived of immune cells also results in RV persistence?. As type III [FN
induces low inflammation and side effects, it presents a therapeutic interest to treat complicated RV infections.
We thus assessed the effects of continuous type III IFN treatment in this persistent infection model. Infections
were conducted in presence (with repeated daily administration) or absence of IFN-X, and RV replication was
monitored daily during 25 days. Although less potent than in pretreatment (Fig. 4), cotreatment with IFN-X sig-
nificantly reduced RV replication (1- to 2-log) over the whole course of the persistence (Fig. 5).
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Figure 2. Change in cell-associated virus in dual versus single infections of reconstituted human airway
epithelia. Each virus was inoculated alone or in combination, at the same time or two days after the first virus.
For each condition, the log fold change (FC) in cell-associated virus (measured by RT-qPCR four hours post
inoculation) in dual versus single infection is indicated on the Y-axis. The analyzed viral couple is specified on
the top of each panel, while the chronology of infection is shown on the X-axis (‘then, after two days; ‘and; at the
same time). Statistical significance relative to single infection was calculated using one-way ANOVA. Data are
expressed as mean and SEM of at least at least three replicates.

Discussion

This study constitutes one of the first deep investigations on the replication and pathogenesis of prevalent res-
piratory viruses (i.e., RV, RSV and Flu) in the context of dual infections, using a highly relevant ex vivo model
of reconstituted human airway epithelia and clinical viral strains. This tissue culture model does not contain
immune cells but fully recapitulates the first steps of viral respiratory infections. Our results highlight that there is
no increase in tissue response in dual versus single infections, but do point to a virus-specific interference.

We showed that RV replication is inhibited by prior infection with RSV-A and HIN1, while RV does not
inhibit subsequent infection by these viruses. A number of clinical studies have described viral coinfections, par-
ticularly between RV, Flu, and RSV, but the clinical impact remains unclear’>. Some publications have reported
an enhancement in disease severity, while others have suggested the opposite®”#**-%, Experimental coinfections
have also put forth different viral interactions. Goto and colleagues described a positive association between
human parainfluenza virus 2 (HPIV2) and Flu in Vero cells, where HPIV2-induced cell fusion was shown to
facilitate Flu spread’. On the contrary, coinfections of MDCK cells with RSV and HINT highlighted a negative
association. Competition for protein synthesis and selective budding from the same infected cells was proposed
as the mechanism of the interference’. Similarly, RSV and Flu were shown to interfere with each other in a ferret
model of coinfection”. Competition for cellular resources was also predicted by mathematical modelling of res-
piratory coinfections?. However, competition for cellular resources assumes coinfection of the same cell, which is
not frequent in in vivo conditions due to the low percentage of infected cells in the respiratory tract®.

Our data strongly support the involvement of the antiviral immune response in the observed virus-specific
interference. First, virus binding or entry was not affected in sequential versus single infections involving RV,
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Figure 3. The presence of type I and type III IFNs in RSV-infected medium interferes with RV replication. A
Basal medium (BM) from tissues infected for two days with RSV-A (BM RSV-A) or OC43 (BM OC43) or from
non-infected control (BM Ctrl) were transferred to new tissues for 24 hours before infection with RV-A16.

For each condition, the log FC in apically released RV-A16 (measured by RT-qPCR three days post infection)
relative to BM Ctrl-treated tissues is indicated on the Y-axis. B Same as a but in absence (black bars) or in
presence of anti-type I (dark grey bars) or anti-type III (light grey bars) IFN-neutralizing antibodies. For each
condition, the log FC in apically released RV-A16 (measured by RT-qPCR three days post infection) relative

to BM RSV or BM OC43-treated tissues in the absence of neutralizing antibodies is indicated on the Y-axis.
Statistical significance relative to Ctrls was calculated using one-way ANOVA (¥*P < 0.05). Data are expressed as
mean and SEM of two replicates.
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Figure 4. Different susceptibility profiles of respiratory viruses to IFN-X in reconstituted human airway
epithelia. Tissues were treated with IFN-X or IFN-a before (24 h) and during infection with RV-A16, RSV-A
and HIN1. For each condition, the log fold change (FC) in apically released virus (measured by RT-qPCR three
days post infection) relative to untreated controls (ctrl) is indicated on the Y-axis. Statistical significance relative
to the untreated control was calculated using two-way ANOVA (*¥***P < 0.0001, ***P < 0.001, **P < 0.01).
Data are expressed as mean and SEM of at least two replicates.

Flu, and RSV (Fig. 2). Second, pretreatment of tissues with basal medium collected from RSV-infected tissues
interfered with subsequent RV infection, and this interference was prevented by the addition of anti-type I and
-type III IFN-neutralizing antibodies (Fig. 3). Third, RV was the only virus significantly inhibited by IFN-X and
the most sensitive to IFN-« (Fig. 4).

Our observations are in agreement with the observed IFN-X-mediated inhibition of Sendai virus infection
by RSV in differentiated pediatric primary bronchial epithelial cells®. In this study, as was seen also in ours, RSV
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Figure 5. IFN-X inhibits RV-A16 replication in the context of persistent infections. Infections of airway
epithelia were conducted during 25 days in absence or in presence of continuous IFN-X administration and
viral load was quantified using RT-qPCR in apical samples collected at the indicated time points. The statistical
significance was calculated with t-tests on the area under the curve (¥**P < 0.01). Data are expressed as mean
and SEM of five replicates.

proved much less sensitive to IFN-X. The authors showed that this was linked with the capacity of RSV nonstruc-
tural proteins NS1 and NS2 to block the IFN-X pathway in a STAT2-dependent manner?. Flu and RV also possess
interferon antagonists: the Flu NS1 protein interferes with different steps of the IFN signaling cascade®*’!; and the
RV 2A and 3C proteases cleave several antiviral proteins including the PRRs RIG1 and MDA5% Nevertheless, we
highlight here, in a unique and highly standardized tissue culture model that faithfully mimics the host respira-
tory epithelium, that RV is highly susceptible to both pre- and cotreatment with IFNs and is thus less potent than
Flu or RSV to counter this host response.

Type I IFN has a more efficient anti-viral effect as pretreatment with this cytokine affected strongly RV and to
lower extent RSV and HIN1. To reproduce physiological conditions, the concentration of IFN-X1 used in pre-
and cotreatment were based on the value measured by ELISA in RSV-A-infected airway epithelia?’. However,
increasing the concentration of both type I and type III IFN or decreasing RSV and Flu inocula did not signif-
icantly increase their sensibility to these cytokines (Fig. S4). Of note, in this tissue culture model, induction of
type I IFN is much less important than that of type III?°. The positive effect of anti-type I IFN antibodies on RV
replication when added to RSV-infected medium was thus unexpected (Fig. 3) and suggests that a slight type I
IFN induction is sufficient to interfere with RV infection.

Type I and type III IFNs bind different receptors but trigger a common signaling pathway that leads to the
establishment of an antiviral state. Acting in a paracrine fashion, the IFNs induce an antiviral state not only in
infected cells but also in cells proximal to the infection, thus controlling both intracellular replication and viral
spread'”'®. Type I IFN targets nearly all immune cells and induces a strong inflammatory response often det-
rimental for the host. In contrast, due to the limited expression of its receptor, type III IFN only acts at the site
of viral replication, the epithelial barrier, and on few innate immune cells, without activating a massive inflam-
matory response and therefore without compromising host fitness**. PEG-IFN-X passed phase II clinical trials
for hepatitis C treatment, displaying an attractive pharmacological profile**. This cytokine has been shown to
reduce RV replication in vitro®>* and in primary bronchial epithelial cells*’. Our data with a clinical RV strain
and 3D in vitro-differentiated epithelia confirm that IFN-X is a promising therapeutic candidate for controlling
RV infection, particularly in immunocompromised patients where persistent infection is frequent. Altogether,
our work highlights respiratory virus-specific interference in airway epithelia, underlines the key role of IFNs
and in particular of IFN-X in this differential interference and emphases the therapeutic interest of IFN-X to treat
RV infections in at risk populations such as preschool children with recurrent wheezing, asthmatic patients or
immunosuppressed hosts.

Methods

All methods were performed in accordance with the relevant guidelines and regulations.

In vitro reconstituted airway epithelial tissues. Mucilair is a commercially available in vitro reconsti-
tuted three-dimensional (3D) airway epithelium. It is produced by Epithelix SaRL (Geneva, Switzerland) accord-
ing to the Declaration of Helsinki on biomedical research (Hong Kong amendment, 1989), written informed
consent was obtained from all subjects involved and the research protocol was approved by the local ethics
committee (commission cantonale déthique de la recherche CCER de Geneéve). Culturing of epithelial tissue
was performed in an air-liquid interface system (ALI) system at 37 °C and a 5% CO, atmosphere, as previously
described?*38-4°,

Viruses and viral stock preparation and titration. The following four clinical strains were tested in this
study: RV-A16, HIN1, RSV-A, and OC43. The clinical specimen used to prepare the viral stocks were previously
screened with a commercially available multiplex real-time RT-PCR kit (Fast-Track Diagnostics; # FTD-2) aimed
to detect 21 respiratory pathogens (Flu A, B, HIN1, HCoV NL63, 229E, OC43, HKU, parainfluenza 1, 2, 3, 4;
human metapneumovirus A/B; RV, RSV A/B; enterovirus, parechovirus, bocavirus, adenovirus, mycoplasma
pneumoniae and internal control). Only samples positive to one single respiratory virus were selected. After ethi-
cal approval from the CCER, infected respiratory specimens collected from anonymous patients were inoculated
directly in MucilAir without any amplification in the cell lines to avoid adaptation. To prepare viral stocks, five
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tissues were inoculated in parallel for each virus and apical washes collected from the different epithelia were
pooled as previously described?***-%, Viral stocks were then clarified by centrifugation (10 min at 1,500 rpm and
4°C), aliquoted, and stored at —80 °C. For viral titration, tissues were inoculated in duplicate with serial dilutions
of each viral stock. The endpoint dilution was determined based on the presence or absence of viral RNA in the
apical wash five days post-infection. In each experiment, the viral inoculum was normalized accordingly to con-
tain the same number of infectious viruses.

Single and multiple infections in epithelial tissues. MucilAir tissues were treated with 250 ul of a
phosphate-buffered saline (PBS) solution containing Ca**Mg** (Gibco 14040091; Thermo Fisher Scientific,
Waltham, MA, USA) for 45 min at 37 °C under a 5% CO, atmosphere, prior to inoculation with 100 ul of diluted
virus. After four hours of adsorption at 33 °C and 5% CO,, unbound viral particles were removed and tissues
were washed three times using PBS Ca**Mg ™" before incubation at 33°C and 5% CO, at the AL Every 24 hours
thereafter, apical washes were collected by applying 200 ul of MucilAir medium apically for 20 min at 33°C to
analyze the daily apical viral production. The culture medium in the basal chamber was also collected daily and
replaced with 500 ul of MucilAir medium. For sequential and coinfections, the same infection protocol was used
to infect tissues with a second respiratory virus either two days after the infection with the first virus or at the
same time, respectively. To quantify cell-associated viruses, tissues (pre-infected or not by a different virus, RSV
or HIN1) were infected with RV for four hours, extensively washed to remove unbound viruses, and lysed to
quantify cell-associated RV.

Tissue pre- and cotreatment assays. For type I and type III IFN treatments, 2000IU/ml of IFN-a2a
(Roche, Roferon A, Basel, Switzerland) and 5 ng/ml of recombinant Human IL-29/ IFN-X1 (1598-IL-025; R&D
Systems, Minneapolis, MN, USA) were added every day in the basal medium of the ALI tissue culture either from
the beginning of the infection in the case of cotreatment or 24 hours before in the case of pretreatment, respec-
tively. For pretreatment with basal samples, the basolateral media of tissues infected for 48 hours were transferred
into the basal compartment of new noninfected tissues. Twenty-four hours later, the pretreated epithelium was
infected by RV-A16 and fresh basal IFN-free medium was added. The same assays were also performed in the
presence of 10 pg/ml of anti-type III IFN-neutralizing antibody (anti-IFN-X1; MAB15981-100; R&D Systems,
Minneapolis, MN, USA) and a mixture of anti-type I IFN-neutralizing antibodies (39000-1, PBL Assay Science)
diluted 1/50 in the basal sample during the pretreatment.

Virus RNA load quantification. Viral RNA was extracted from apical washes using the E.Z.N.A. viral RNA
extraction kit (R6874-02; Omega Bio-tek, Inc., Norcross, GA, USA) and from tissue lysate using the E.Z.N.A.
total RNA extraction kit (R6834-02; Omega Bio-tek, Inc., Norcross, GA, USA). For RNA quantification, primers
and probes specific for each virus were used as previously described®. The RNAseP housekeeping gene was used
as an internal control for cell-associated virus quantification (4331182; Life Technology, Zug, Switzerland).

Quantitative real-time reverse transcriptase polymerase chain reaction (RT-qPCR) assays were performed
using the QuantiTect probe RT-qPCR kit (no. 204443; Qiagen, Valencia, CA, USA) in a StepOne Applied
Biosystems thermocycler (Thermo Fisher Scientific, Waltham, MA, USA). In each run and for each virus, four
10-fold serial dilutions of RNA reference standards were included. Results were analyzed using the StepOne ver-
sion 2.0 software (Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis. Viral load and fold change (FC) in viral load are expressed as means of logarithmic
values & standard errors of the means (SEMs). Statistical significance was determined on logarithmic FC val-
ues using one-way or two-way analysis of variance (ANOVA) test (****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05). pValues were calculated with t-test on the area under the curve (AUC) and SD in Fig. 5. All statistics
were calculated using the GraphPad Prism version 7.02 software (GraphPad Software, La Jolla, CA, USA).

Data availability
All data will be available upon request.

Received: 26 March 2020; Accepted: 26 May 2020;
Published online: 24 June 2020

References

1. Yoshida, L. M. et al. Respiratory syncytial virus: co-infection and paediatric lower respiratory tract infections. Eur. Respir. J. 42,
461-469, https://doi.org/10.1183/09031936.00101812 (2013).

2. Aberle, J. H. et al. Single versus dual respiratory virus infections in hospitalized infants: impact on clinical course of disease and
interferon-gamma response. Pediatr. Infect. Dis. ]. 24, 605-610, https://doi.org/10.1097/01.inf.0000168741.59747.2d (2005).

3. Karppinen, S., Toivonen, L., Schuez-Havupalo, L., Waris, M. & Peltola, V. Interference between respiratory syncytial virus and
rhinovirus in respiratory tract infections in children. Clin. Microbiol. Infect. 22, 208 e201-208 €206, https://doi.org/10.1016/j.
cmi.2015.10.002 (2016).

4. Walzl, G,, Tafuro, S., Moss, P.,, Openshaw, P. J. & Hussell, T. Influenza virus lung infection protects from respiratory syncytial virus-
induced immunopathology. J. Exp. Med. 192, 1317-1326, https://doi.org/10.1084/jem.192.9.1317 (2000).

5. Anestad, G. & Nordbo, S. A. Virus interference. Did rhinoviruses activity hamper the progress of the 2009 influenza A (HIN1)
pandemic in Norway? Med. Hypotheses. 77, 1132-1134, https://doi.org/10.1016/j.mehy.2011.09.021 (2011).

6. Casalegno, J. S. et al. Rhinoviruses delayed the circulation of the pandemic influenza A (HIN1) 2009 virus in France. Clin. Microbiol.
Infect. 16, 326-329, https://doi.org/10.1111/j.1469-0691.2010.03167.x (2010).

7. Zheng, X., Song, Z., Li, Y., Zhang, J. & Wang, X. L. Possible interference between seasonal epidemics of influenza and other
respiratory viruses in Hong Kong, 2014-2017. BMC. Infect. Dis. 17, 772, https://doi.org/10.1186/5s12879-017-2888-5 (2017).

SCIENTIFIC REPORTS |

(2020) 10:10246 | https://doi.org/10.1038/s41598-020-66748-6


https://doi.org/10.1038/s41598-020-66748-6
https://doi.org/10.1183/09031936.00101812
https://doi.org/10.1097/01.inf.0000168741.59747.2d
https://doi.org/10.1016/j.cmi.2015.10.002
https://doi.org/10.1016/j.cmi.2015.10.002
https://doi.org/10.1084/jem.192.9.1317
https://doi.org/10.1016/j.mehy.2011.09.021
https://doi.org/10.1111/j.1469-0691.2010.03167.x
https://doi.org/10.1186/s12879-017-2888-5

www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. Achten, N. B. et al. Interference Between Respiratory Syncytial Virus and Human Rhinovirus Infection in Infancy. J. Infect. Dis. 215,

1102-1106, https://doi.org/10.1093/infdis/jix031 (2017).

. Shinjoh, M., Omoe, K., Saito, N., Matsuo, N. & Nerome, K. In vitro growth profiles of respiratory syncytial virus in the presence of

influenza virus. Acta. Virol. 44, 91-97 (2000).

Goto, H. et al. Enhanced growth of influenza A virus by coinfection with human parainfluenza virus type 2. Med. Microbiol.
Immunol. 205, 209-218, https://doi.org/10.1007/s00430-015-0441-y (2016).

Isaacs, A. & Burke, D. C. Viral interference and interferon. Br. Med. Bull. 15, 185-188, https://doi.org/10.1093/oxfordjournals.bmb.
2069760 (1959).

Dianzani, E Viral interference and interferon. Ric. Clin. Lab. 5, 196-213, https://doi.org/10.1007/bf02908284 (1975).

Nickbakhsh, S. et al. Virus-virus interactions impact the population dynamics of influenza and the common cold. Proc. Natl. Acad.
Sci. USA. https://doi.org/10.1073/pnas.1911083116 (2019).

AKkira, S. Pathogen recognition by innate immunity and its signaling. Proc. Jpn. Acad. Ser. B. Phys. Biol. Sci. 85, 143-156, https://doi.
org/10.2183/pjab.85.143 (2009).

Takeuchi, O. & AKkira, S. Innate immunity to virus infection. Immunol. Rev. 227, 75-86, https://doi.org/10.1111/j.1600-
065X.2008.00737.x (2009).

Galani, I. E. et al. Interferon-lambda Mediates Non-redundant Front-Line Antiviral Protection against Influenza Virus Infection
without Compromising Host Fitness. Immunity. 46, 875-890 e876, https://doi.org/10.1016/j.immuni.2017.04.025 (2017).

Samuel, C. E. Antiviral actions of interferons. Clin. Microbiol. Rev. 14, 778-809, table of contents, https://doi.org/10.1128/
CMR.14.4.778-809.2001 (2001).

Syedbasha, M. & Egli, A. Interferon Lambda: Modulating Immunity in Infectious Diseases. Front. Immunol. 8, 119, https://doi.
org/10.3389/fimmu.2017.00119 (2017).

Ambrosioni, J., Bridevaux, P. O., Wagner, G., Mamin, A. & Kaiser, L. Epidemiology of viral respiratory infections in a tertiary care
centre in the era of molecular diagnosis, Geneva, Switzerland, 2011-2012. Clin. Microbiol. Infect. 20, O578-584, https://doi.
org/10.1111/1469-0691.12525 (2014).

Essaidi-Laziosi, M. et al. Propagation of respiratory viruses in human airway epithelia reveals persistent virus-specific signatures. J.
Allergy. Clin. Immunol. 141, 2074-2084, https://doi.org/10.1016/j.jaci.2017.07.018 (2018).

Kotenko, S. V. & Durbin, J. E. Contribution of type III interferons to antiviral immunity: location, location, location. J. Biol. Chem.
292, 7295-7303, https://doi.org/10.1074/jbc.R117.777102 (2017).

Meskill, S. D. & O’Bryant, S. C. Respiratory Virus Co-infection in Acute Respiratory Infections in Children. Curr. Infect. Dis. Rep.
22, 3, https://doi.org/10.1007/s11908-020-0711-8 (2020).

Martin, E. T., Kuypers, J., Wald, A. & Englund, J. A. Multiple versus single virus respiratory infections: viral load and clinical disease
severity in hospitalized children. Influenza Other Respir Viruses 6, 71-77, https://doi.org/10.1111/j.1750-2659.2011.00265.x (2012).
Goka, E. A., Vallely, P. ]., Mutton, K. J. & Klapper, P. E. Single, dual and multiple respiratory virus infections and risk of hospitalization
and mortality. Epidemiol. Infect. 143, 37-47, https://doi.org/10.1017/S0950268814000302 (2015).

Brand, H. K. et al. Infection with multiple viruses is not associated with increased disease severity in children with bronchiolitis.
Pediatr. Pulmonol. 47, 393-400, https://doi.org/10.1002/ppul.21552 (2012).

Goka, E., Vallely, P, Mutton, K. & Klapper, P. Influenza A viruses dual and multiple infections with other respiratory viruses and risk
of hospitalisation and mortality. Influenza Other Respir Viruses 7, 1079-1087, https://doi.org/10.1111/irv.12020 (2013).

Chan, K. F. et al. Investigating Viral Interference Between Influenza A Virus and Human Respiratory Syncytial Virus in a Ferret
Model of Infection. J. Infect. Dis. 218, 406-417, https://doi.org/10.1093/infdis/jiy184 (2018).

Pinky, L. & Dobrovolny, H. M. Coinfections of the Respiratory Tract: Viral Competition for Resources. PLoS. One. 11, 0155589,
https://doi.org/10.1371/journal.pone.0155589 (2016).

Villenave, R. et al. Induction and Antagonism of Antiviral Responses in Respiratory Syncytial Virus-Infected Pediatric Airway
Epithelium. J. Virol. 89, 12309-12318, https://doi.org/10.1128/JV1.02119-15 (2015).

Jia, D. et al. Influenza virus non-structural protein 1 (NS1) disrupts interferon signaling. PLoS One 5, €13927, https://doi.
org/10.1371/journal.pone.0013927 (2010).

Kochs, G., Garcia-Sastre, A. & Martinez-Sobrido, L. Multiple anti-interferon actions of the influenza A virus NS1 protein. . Virol.
81, 7011-7021, https://doi.org/10.1128/JV1.02581-06 (2007).

Lei, X., Xiao, X. & Wang, ]. Innate Inmunity Evasion by Enteroviruses: Insights into Virus-Host Interaction. Viruses 8, https://doi.
0rg/10.3390/v8010022 (2016).

Andreakos, E., Salagianni, M., Galani, I. E. & Koltsida, O. Interferon-lambdas: Front-Line Guardians of Inmunity and Homeostasis
in the Respiratory Tract. Front. Immunol. 8, 1232, https://doi.org/10.3389/fimmu.2017.01232 (2017).

Muir, A. J. et al. A randomized phase 2b study of peginterferon lambda-1a for the treatment of chronic HCV infection. J. Hepatol.
61, 1238-1246, https://doi.org/10.1016/j.jhep.2014.07.022 (2014).

Becker, T. M. et al. Effect of exogenous interferons on rhinovirus replication and airway inflammatory responses. Ann. Allergy.
Asthma. Immunol. 111, 397-401, https://doi.org/10.1016/j.anai.2013.07.029 (2013).

Gulraiz, F. et al. Efficacy of IFN-lambdal to protect human airway epithelial cells against human rhinovirus 1B infection. PLoS One
9, €95134, https://doi.org/10.1371/journal.pone.0095134 (2014).

Casanova, V., Sousa, F. H., Stevens, C. & Barlow, P. G. Antiviral therapeutic approaches for human rhinovirus infections. Future.
Virol. 13, 505-518, https://doi.org/10.2217/fv1-2018-0016 (2018).

Royston, L. et al. Viral chimeras decrypt the role of enterovirus capsid proteins in viral tropism, acid sensitivity and optimal growth
temperature. PLoS. Pathog. 14, 1006962, https://doi.org/10.1371/journal.ppat.1006962 (2018).

Tapparel, C. et al. Growth and characterization of different human rhinovirus C types in three-dimensional human airway epithelia
reconstituted in vitro. Virology 446, 1-8, https://doi.org/10.1016/j.virol.2013.06.031 (2013).

Tseligka, E. D. et al. A VP1 mutation acquired during an enterovirus 71 disseminated infection confers heparan sulfate binding
ability and modulates ex vivo tropism. PLoS. Pathog. 14, 1007190, https://doi.org/10.1371/journal.ppat.1007190 (2018).

Acknowledgements

This work was supported by the Swiss National Science Foundation (FNS) (Grant No. 310030_184777 to CT),
the Novartis Foundation (Grant N°#17C152 to CT) and the FNS Marie Heim-Vogtlin subsides (Grant Nos.
PMPDP3-158269 and PMPDP3-158269 to MEL). The authors have no conflicting financial interest.

Author contributions

M.E.L. participated to the work design. She run or supervised the experimental work and performed all
preliminary data acquisition and analysis. She wrote the first draft of the manuscript, revised and approved the
final submitted version. J.G. performed most of the experimental work and contributed to data acquisition,
storage and analysis. He also read and commented the manuscript before submission. S.H., S.C. and L.K.
participated to critical analysis and interpretation of the data all and carefully revised and approved the

SCIENTIFICREPORTS| (2020) 10:10246 | https://doi.org/10.1038/s41598-020-66748-6


https://doi.org/10.1038/s41598-020-66748-6
https://doi.org/10.1093/infdis/jix031
https://doi.org/10.1007/s00430-015-0441-y
https://doi.org/10.1093/oxfordjournals.bmb.a069760
https://doi.org/10.1093/oxfordjournals.bmb.a069760
https://doi.org/10.1007/bf02908284
https://doi.org/10.1073/pnas.1911083116
https://doi.org/10.2183/pjab.85.143
https://doi.org/10.2183/pjab.85.143
https://doi.org/10.1111/j.1600-065X.2008.00737.x
https://doi.org/10.1111/j.1600-065X.2008.00737.x
https://doi.org/10.1016/j.immuni.2017.04.025
https://doi.org/10.1128/CMR.14.4.778-809.2001
https://doi.org/10.1128/CMR.14.4.778-809.2001
https://doi.org/10.3389/fimmu.2017.00119
https://doi.org/10.3389/fimmu.2017.00119
https://doi.org/10.1111/1469-0691.12525
https://doi.org/10.1111/1469-0691.12525
https://doi.org/10.1016/j.jaci.2017.07.018
https://doi.org/10.1074/jbc.R117.777102
https://doi.org/10.1007/s11908-020-0711-8
https://doi.org/10.1111/j.1750-2659.2011.00265.x
https://doi.org/10.1017/S0950268814000302
https://doi.org/10.1002/ppul.21552
https://doi.org/10.1111/irv.12020
https://doi.org/10.1093/infdis/jiy184
https://doi.org/10.1371/journal.pone.0155589
https://doi.org/10.1128/JVI.02119-15
https://doi.org/10.1371/journal.pone.0013927
https://doi.org/10.1371/journal.pone.0013927
https://doi.org/10.1128/JVI.02581-06
https://doi.org/10.3390/v8010022
https://doi.org/10.3390/v8010022
https://doi.org/10.3389/fimmu.2017.01232
https://doi.org/10.1016/j.jhep.2014.07.022
https://doi.org/10.1016/j.anai.2013.07.029
https://doi.org/10.1371/journal.pone.0095134
https://doi.org/10.2217/fvl-2018-0016
https://doi.org/10.1371/journal.ppat.1006962
https://doi.org/10.1016/j.virol.2013.06.031
https://doi.org/10.1371/journal.ppat.1007190

www.nature.com/scientificreports/

manuscript before submission. C.T. designed the project, planned the experiments and verified data acquisition,
analysis and interpretation. She corrected the manuscript draft into its final submitted version. All authors agree
to be accountable for all aspects of the work and attest the accuracy and integrity of the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66748-6.

Correspondence and requests for materials should be addressed to C.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:10246 | https://doi.org/10.1038/s41598-020-66748-6


https://doi.org/10.1038/s41598-020-66748-6
https://doi.org/10.1038/s41598-020-66748-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interferon-Dependent and Respiratory Virus-Specific Interference in Dual Infections of Airway Epithelia

	Results

	H1N1 and RSV-A interfere with RV-A16 replication, while RV-A16 does not interfere with either of these viruses. 
	The observed interference is not related to a block of viral binding or entry. 
	Type I and type III IFNs released by infected tissues interfere with RV-A16 replication. 
	Respiratory viruses present different levels of susceptibility to IFNs. 
	IFN-λ significantly attenuates RV replication during acute and persistent infection. 

	Discussion

	Methods

	In vitro reconstituted airway epithelial tissues. 
	Viruses and viral stock preparation and titration. 
	Single and multiple infections in epithelial tissues. 
	Tissue pre- and cotreatment assays. 
	Virus RNA load quantification. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Change in viral replication in dual versus single infections of reconstituted human airway epithelia.
	Figure 2 Change in cell-associated virus in dual versus single infections of reconstituted human airway epithelia.
	﻿Figure 3 The presence of type I and type III IFNs in RSV-infected medium interferes with RV replication.
	Figure 4 Different susceptibility profiles of respiratory viruses to IFN-λ in reconstituted human airway epithelia.
	Figure 5 IFN-λ inhibits RV-A16 replication in the context of persistent infections.




